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conductive polymer poly(3-hexylthiophene-2,5-diyl) (P3HT). captured. However, in order to fit these data, it is necessary to incorporate a Langmuir isotherm equilibrium between the neutral 28 and ionized dopant molecules. Ionized F4MCTCNQ is strongly favored by the equilibrium, but it diffuses 3 orders of magnitude 29 slower than neutral species. Moreover, the macroscopic diffusion is found to depend mostly on the minority concentration of 30 neutral dopant molecules in the film. Finally, the global diffusion coefficient of the monoester-substituted dopant F4MCTCNQ is 31 shown to be more than 1 order of magnitude smaller than that of the widely used dopant F4TCNQ. The elastic scans were obtained from 50 to 375 K at a heating rate of 1 174 K/min, and the high statistical QENS spectra were recorded at 273, 175 323, and 373 K. The spectra collected at 50 K were used as the 176 instrument resolution function, and all the data were corrected for 177 detector efficiency using a vanadium standard.
178
Confocal Spectroscopy. To prepare samples for the macroscopic 179 diffusion measurements, P3HT films of ∼50 nm thickness were first 180 obtained by spin-coating 10 mg/mL P3HT from a chlorobenzene 181 solution onto clean glass substrates (cleaned in ultrasonic baths of 182 acetone, 5% Mucasol detergent, and deionized water, followed by 183 drying with nitrogen and exposure to UV/ozone for 30 min). A TEM 184 grid (400 mesh; hole width 38 μm; bar width 26 μm) was 185 subsequently placed onto the P3HT film using Kapton tape. Next, a 186 2.2 nm F4MCTCNQ layer was deposited onto the P3HT film using 187 an MBraun thermal evaporator at a deposition rate ∼0.1 Å/s at ∼80 188°C, followed by the deposition of 50 nm MoO 3 and 100 nm Ag, also 189 via evaporation. Prior to deposition, the evaporation chamber was 190 pumped down to a pressure of 5 × 10 −6 mbar. Data Analysis. Neutron Data Analysis. For the data analysis, the 202 dynamic range was from −120 to +120 μeV. The relevant momentum 203 transfer range in this study was limited to 0.5−1.3 Å −1 given the signal-204 to-noise ratio, the flat-plate geometrical limit, and the uncertainty of 205 the background subtraction. DAVE software was used for data 206 reduction and analysis. 40 The neat d-P3HT spectra were subtracted 207 from the F4MCTCNQ doped d-P3HT spectra for all the QENS data 208 analyses to ensure that the signal from F4MCTCNQ could be isolated.
209
In general, the experimentally observed scattering intensity 210 S exp (Q,ω) at each Q and temperature is expressed as the convolution 211 of the model function S model (Q,ω) and the resolution function R(Q,ω), 212 plus a linear background term B(Q,ω):
exp model
213
(1) 214 Here, the model function can be separated into an elastic component 215 (a delta function δ(ω)) and a quasi-elastic contribution S qe (Q,ω):
217 where DWF(Q) is the Debye−Waller factor due to the vibrational 218 motions and A 0 (Q) is the elastic incoherent structure factor (EISF) 219 defined as the fraction of elastic scattering. The proposed expression 220 for S qe (Q,ω) will be addressed in detail in the Results and Discussion 221 section.
222
Macroscopic Diffusion Model. The location of dopants within the 223 P3HT films was determined by measuring the fluorescence intensity of 224 P3HT as a function of position using a confocal microscope and 488 225 nm excitation. The concentration of the dopants was determined by 226 comparing to a calibration curve of fluorescence intensity in P3HT as a 227 function of known doping density and assuming that there is no 228 vertical doping gradient (reasonable for diffusion over μm in an ∼50 229 nm thick film). A two-dimensional two-species (2D2S) diffusion 230 model was developed to fit the 2D doping profiles. The two diffusing 231 species in this model were treated using a Langmuir isotherm 232 equilibrium, 42 which was precedented for P3HT/dopants in a previous 233 publication. 14 In terms of detailed fits, the 2D concentration profile 234 images were initially evolved based on the above-mentioned diffusion 235 model and then evolved using a stepwise solution to Fick's second law. shown in Figure 2a . Generally, the elastic intensity decreases To enhance conceptual understanding of this dynamic 307 process, the temperature dependence of the proton mean-308 square displacement (MSD) determined from analysis of the 309 elastic scans (Supporting Information section 2) was 310 investigated. From Figure 2b , the MSD values do not vary 311 much at temperatures below 180 K because only some local 312 vibrations are expected to occur at such low temperatures. As 313 the temperature increases, two deviations (changes in slope) 314 are observed: one at about 180 K and another at 254 K. We 315 attribute the first deviation at ∼180 K to the activation of 316 methyl group rotations, which are well-known to occur 317 between 100 and 220 K.
51−53 On the other hand, the second 318 deviation at ∼254 K implies that another dynamic transition 319 takes place in this temperature region. This transition could not 320 be assigned unambiguously without further analysis.
321
Quasi-Elastic Neutron Scattering (QENS). To assign the 322 dynamic transition starting at ∼254 K, the high statistical 323 scattering data were collected at temperatures above 254 K in 324 order to capture this transition, and detailed analyses were 325 performed. As mentioned earlier, neat d-P3HT spectra were 326 also collected at the corresponding temperatures and subtracted 327 from the spectra of the doped samples (Supporting Information 328 section 3). In this manner, any changes of the scattering spectra 329 explicitly result from the dynamics of the hydrogen sites in the 330 dopants. S qe (Q,ω) in eq 2, expressed as We performed fits to all the spectra and found that a single 364 stretched exponential term was sufficient for satisfactory fits of 365 the 273 K data (the fit weight P values converge to unity, f4 366 shown in Figure 4a ), but at 323 and 373 K, fitting S qe (Q,ω) 367 required incorporating two KWW terms for all data except Q = 368 1. The successful fits of QENS spectra using a stretched 382 exponential model allow us to further explore the nature of the 383 dynamic motions. Normally, the mean relaxation time ⟨τ i ⟩ of 384 process i is extracted by (4) 386 where τ i and β i are fitting parameters from the stretched 387 exponential model in eq 3, and Γ(x) is the gamma function. 388 The Q 2 dependence of calculated values in the form of ⟨τ i ⟩ −1 is f5 389 plotted in Figure 5 . Arrhenius behavior was assumed to fit the data (seen in Figure   f6t2 423 6) and an activation energy E A associated with each process was t2 424 determined, which is summarized in Table 2 . As can be seen, 425 the activation energy of the slow process (∼14 kJ/mol) is 426 slightly higher than that of the fast process (∼10 kJ/mol). However, further calculations using a simple harmonic Figure 6 . Diffusion coefficient (top) and residence time (bottom) as a function of 1000/T for the first dynamic (purple circles) and second dynamic (dark cyan squares). The corresponding solid lines are fits to an Arrhenius behavior. Additional insight, particularly into the geometry of the 514 motion, can also be obtained by investigating the elastic 515 incoherent structure factors (EISF). The Q-dependent EISF f8 516 values at three investigated temperatures are plotted in Figure   f8 517 8. A 3-fold jump model has been widely used to describe 518 methyl group rotations:
66,67 G 525 greater in all cases. This clearly indicates that the methyl group 526 rotation is not the only component that contributes to the 527 QENS signal even at 273 K and that the slower motion must 528 also be taken into account, which again is in good agreement 529 with our observations from the elasitic QENS data. Therefore, 530 we rewrite eq 6 by including a well-established rotational 531 diffusion model, where it is assumed that the scattering center 532 jumps between N equivalent points on a circle: 69,70 
534 where f 2 is the fraction of immobile protons involved in the 535 methoxycarbonyl rotation, R is the circle radius, and r is still set 536 to 1.03 Å. The product form means that the whole methyl 537 group moves during the methoxylcarbonyl rotation. The 538 detailed derivation is shown in Supporting Information section 539 1. For N → ∞, the limiting case of continuous rotational 540 diffusion on a circle is reached. By means of this improved 541 model, the EISF behavior is able to be captured over the whole 542 investigated Q range as seen the solid lines in Figure 8 where N 543 is set to 30 (a satisfactory fit is found for N ≥ 2). In all cases, 544 the parameter f 1 always converges to 0, revealing that all 545 hydrogen sites are involved in the methyl rotations at any given 546 temperature. The parameter f 2 and R, on the other hand, are 547 found to vary slightly and converge with increasing N ( 591 The narrowing gaps in the FL intensity clearly indicate that the 592 F4MCTCNQ diffuses from the doped (dark) regions to the 593 undoped (bright) regions in the sample over time, as expected. 594 Preliminary analysis based upon the annealing time at the 595 different temperatures suggests that the macroscopic diffusion 596 rate of the dopant is at least 1 order of magnitude higher for 597 every 25 K temperature increase from 298 to 373 K. 598 We quantified the macroscopic diffusion rate and mechanism 599 by fitting the dopant concentration as a function of lateral 600 position and diffusion time. The F4TCNQ/P3HT system was 601 used to validate our models. Initially, we attempted to fit the 602 data by using a one-dimensional (1D) Fickian diffusion model 603 that has been used previously to determine the diffusion 604 coefficient of PCBM in a P3HT film, 20 the details of which are 605 shown in Figure S9 . This 1D model dose not successfully 606 capture the F4TCNQ diffusion behavior. Therefore, we 
